Atsushi Nakajima et al. Formation of a superatom monolayer using gas-phase-synthesized Ta@Si 16 nanocluster ions The controlled assembly of superatomic nanocluster ions synthesized in the gas phase is a key technology for constructing a novel series of functional nanomaterials. However, it is generally difficult to immobilize them onto a conductive surface while maintaining their original properties owing to undesirable modifications of their geometry and charge state. In this study, it has been shown that this difficulty can be overcome by controlling the donor-acceptor interaction between nanoclusters and surfaces.
Introduction
The ability to create solid-state materials from atomic elements using a bottom-up method such as epitaxial growth, alloying, or chemical synthesis plays a crucial role in today's science and engineering. The controlled assembly of nanoclusters [1] [2] [3] [4] [5] [6] [7] [8] [9] is expected to be a novel material-processing methodology providing hierarchical nanostructures with tailored dimensionality and functionalities such as ultrathin heterojunctions exhibiting electrical rectification, photoelectric conversion, ferroelectricity, and high catalytic reactivity. Gas-phasesynthesized Si 16 cages encapsulating a single metal atom (M@Si 16 ) are potential building blocks for such nanocluster assemblies, because their physicochemical properties are tunable while retaining the symmetrical cage shape by changing the type of metal atom and the charge state. [10] [11] [12] [13] [14] [15] [16] For instance, experimental and theoretical studies on M@Si 16 nanoclusters in the gas phase have revealed that neutral Si 16 cages including group-4 metals, such as Ti@Si 16 and Zr@Si 16 , behave as rare-gas-like superatoms because of their geometric and electronic shell closure, [10] [11] [12] [13] [14] [15] 17, 18 whereas halogen-and alkali-like superatom characteristics emerge upon encapsulating metal atoms from group 3 (e.g. Sc@Si 16 and Lu@Si 16 ) and group 5 (e.g. V@Si 16 and Ta@Si 16 ), respectively. 13, 14, 18 Since their halogen-and alkali-like nature originates from the electronic open shell owing to the deficit and surplus of a single valence electron, they complete electron shells by adding and removing one electron, respectively. [13] [14] [15] [16] [17] [18] These rare-gas-like
M@Si 16 anions and cations are selectively synthesized in the gas phase while exhibiting chemical and thermal stability. 13, 14 Although this feature is advantageous for hierarchical nanostructuring on solid surfaces without losing the identity of each nanocluster building block, there is no knowledge about the properties, stability, and geometry of M@Si 16 ions on solid surfaces. The surface immobilization of M@Si 16 ions without changing their original geometry and charge state is the key to M@Si 16 -based nanostructuring. So far, the guiding principle for nondestructive nanocluster immobilization is a soft landing, [19] [20] [21] [22] [23] [24] namely the deposition of cluster ions with sufficiently lower kinetic energy (E k ) than their interatomic binding energy. However, most nanocluster ions are neutral-ized on conductive substrates in the conventional soft landing, which undesirably modifies their original properties. Our strategy toward overcoming this issue is to immobilize rare-gas-like M@Si 16 cations and anions on conductive surfaces functionalized with acceptor-and donor-like species, by which the positive and negative charges in the nanoclusters are expected to be retained by a donor-acceptor interaction, 25, 26 respectively. Ta n Si m nanoclusters with various charge states were produced in gas aggregation apparatus with a direct-current magnetron sputtering source 27,28 from a Ta-Si mixed target.
Ta@Si 16 cations were selectively created by the fine-tuning of synthesis conditions, similar to previous studies using the laser vaporization method. 13, 14 The Ta@Si 16 cations were mass-selected from the cationic Ta n Si m species using a quadrupole mass spectrometer and were deposited onto substrates at ∼90 K with a typical deposition rate of ∼2. 3 Results and discussion 16 cations with an E k of ∼0.01 eV per atom. Dot-shaped structures were uniformly created on the surface. The surface was densely covered with dots by continuously depositing cations for a long period (Fig. 1c) . Our results indicate that each dot corresponds to an individual Ta@Si 16 nanocluster, as discussed below. In the histogram of dot heights (h d ) measured for the high-density dots (Fig. 1f ) , a peak appears at a h d of ∼0.8 nm. This value is close to the theoretical size of isolated Ta@Si 16 cations, which lies in the range of 0.89-0.95 nm for the isomers with C 3v and D 4d symmetry (Fig. 1e) . Although the values of h d shown in Fig. 1 were measured from STM height profiles obtained at a tip bias voltage (V tip ) of −2.3 V, the typical h d of ∼0.8 nm does not change with the value of the negative V tip (see section 1 in the ESI †). The dots larger than the theoretical cluster size are considered to originate from the direct adsorption of Ta@Si 16 cations onto preexisting nanoclusters. On the other hand, the formation of smaller dots with h d < 0.8 nm is attributed to the diversity in the adsorption sites of Ta@Si 16 nanoclusters. In a simple model using hard spheres with diameters of 1 nm for C 60 molecules and 0.95 nm for Ta@Si 16 nanoclusters, the apparent heights of Ta@Si 16 nanoclusters adsorbed on the hollow and bridge sites in the C 60 film are ∼0.19 and ∼0.14 nm lower than those on the atop sites, respectively. In fact, there is a small peak at h d ∼ 0.6 nm in the height histogram (Fig. 1f ) 16 nanoclusters. These small dots are minor products in the current deposition, as shown in Fig. 1f . These results suggest that the Ta@Si 16 cations are immobilized without marked disintegration, which is further supported by evaluating the thermal stability and electronic structure of the dots. Fig. 1d shows an STM image obtained after annealing the surface shown in Fig. 1c at 493 K. No marked changes in the density and spatial distribution of the dots were induced by annealing. In addition, there was no obvious change in the dot height distribution after the annealing, as confirmed from the height histograms measured before and after the annealing (Fig. 1f and 1g, respectively) . To examine the thermal stability at higher temperatures, Ta@Si 16 cations were deposited onto a C 60 -terminated Si(111)7 × 7 surface. This surface has high thermal durability owing to the covalent bonding between C 60 molecules and the Si(111)7 × 7 surface, 29 while C 60 molecules start to desorb from HOPG surfaces at ∼510 K. Surprisingly, the dots remained after high-temperature annealing at 773 K ( Fig. 1h and i) . The high thermal stability of the adsorbates on C 60 films is consistent with the robust cage structure of Ta@Si 16 cations with an interatomic binding energy of ∼4.45 eV. 16 In addition, the present results strongly indicate that the thermally activated diffusion and desorption of the adsorbate are inhibited by the strong adsorbate-C 60 interaction compared with pure van der Waals forces. This consideration provides us with a reasonable explanation for the reduced typical dot height (∼0. Although the one-to-one covalent connection allows the Ta@Si 16 nanocluster to locally change their position among the neighboring adsorption sites via thermally activated precessional motion, it is considered to hardly occur for Ta@Si 16 nanoclusters covalently connected to multiple C 60 molecules at bridge and atop sites; in other words, our result suggests that Ta@Si 16 -(C 60 ) 2 and Ta@Si 16 -(C 60 ) 3 are minor products. The stability of the deposited Ta@Si 16 cations strongly depends on the surface. Fig. 3a shows an STM image of a 6T-terminated Si(111)√3-Ag surface obtained after the initial deposition of Ta@Si 16 (Fig. 3c) . This value does not sensitively fluctuate with the value of V tip (see section 1 in the ESI †) and is close to the size of a single Si atom covalently bound with the surface, suggesting that the deposited Ta@Si 16 cations disintegrate into atoms and react with the 6T-teminated surface. Similar disintegration has been reported for Ag 309 nanoclusters immobilized onto C 60 monolayers formed on Au(111) surfaces, which is induced by the attractive force acting between the Ag 309 nanoclusters and the substrate. 23 On the other hand, islands of dots with a disordered arrangement are formed by depositing Ta@Si 16 cations on HOPG surfaces (Fig. 3b) . The height histogram of the dots/HOPG has the main peak at a h d of 1.0-1.2 nm (Fig. 3d) 16 ions in the gas phase are interlinked with their simultaneous shell closure in the geometric and electronic structures. [10] [11] [12] [13] [14] [15] [16] [17] [18] Considering that the geometrical destruction of nanoclusters upon their collision with surfaces hardly occurs in the soft-landing scheme, particularly for the present deposition with a small E k of ∼0.01 eV per atom, the observed destabilization of Ta@Si 16 cations may be triggered by the loss of electronic closure via a change in the charge state. Paradoxically, the excellent thermal stability of Ta@Si 16 /C 60 implies that Ta@Si 16 cations were immobilized onto C 60 -terminated surfaces while retaining their charge state, which is supported by the following STS results. Fig. 4a and b show normalized dI/dV spectra recorded on dot/6T and dot/HOPG surfaces, such as those shown in Fig. 3a and 3b, respectively. Positive and negative V tip correspond to the filled and empty states of samples, respectively. In these spectra, peaks of the electronic density of states (DOS) appear near the Fermi level (E F ; V tip = 0 V), as indicated by black arrows. The peak separations of ∼0.6 eV for dot/6T and ∼0.7 eV for dot/HOPG are clearly smaller than the theoretical energy gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of isolated Ta@Si 16 cations (2.44 and 1.76 eV for C 3v and D 4d isomers, 16 respectively). In contrast, the spectrum recorded on dot/C 60 with a h d of 0.76 nm shows a large energy gap of ∼2.1 eV between DOS peaks P 1 and P 2 (Fig. 4c) , which is close to the theoretical HOMO-LUMO gap of the isolated Ta@Si 16 cations. Note that HOMO-LUMO gaps in dI/dV spectra are sometimes measured to be larger than the actual values, because Coulomb repulsion and attraction via electron and hole injections sometimes locally increase and decrease the potential energy of samples, respectively. 30, 31 However, such an increase in the energy gap is greatly suppressed in STS measurements of adsorbates strongly bound with a surface, such as Ta@Si 16 nanoclusters deposited on 6T-and C 60 -terminated surfaces. Actually, a small energy gap of ∼0.6 eV is observed for dot/6T as shown in Fig. 4a . Furthermore, the difference in the energy gaps shown in Fig. 4a -c is qualitatively explained by the geometry and static charge state of Ta@Si 16 nanoclusters on surfaces without considering the energy- gap modification in the STS measurements, as discussed next.
The large HOMO-LUMO gap of rare-gas-like M@Si 16 ions originates from both the highly symmetrical coordination of Si atoms around the central metal atom and the arrangement of valence electrons with jellium-like electronic shells. [10] [11] [12] [13] [14] [15] [16] [17] [18] In contrast, the energy gap of M@Si 16 ions markedly decreases upon deformation into low-symmetry isomers 15, 16 and their interconnection via covalent Si-Si bonds. 32 On the other hand, it is also predicted that the electronic structure of M@Si 16 ions is modified by simply changing their charge state. 11, 12 For instance, when a single extra electron is statically injected into rare-gas-like neutral Ti@Si 16 nanoclusters, an occupied molecular orbital appears near E F after the splitting of the original electronic state. 11 Although similar phenomena should occur in neutralized Ta@Si 16 cations, the STS spectrum of Ta@Si 16 / C 60 exhibits a large energy gap between the two DOS peaks that appear at much higher and lower energies than E F , suggesting that the deposited Ta@Si 16 cations retain not only their cage shape but also their cationic state on C 60 films.
Here, since we have observed that a positive current was the output from the substrates during the deposition of Ta@Si 16 cations, it is considered that the cation is first neutralized immediately after adsorption by the injection of an electron from the substrate and then cationized again by the donation of an electron into the underlying C 60 molecule. This is supported by the results of a theoretical calculation: Ta@Si 16 nanoclusters and C 60 molecules in the complexes shown in Fig. 2 tend to be positively and negatively charged via spontaneous polarization, respectively (Table S1 †) . Actually, the electron transfer from Ta@Si 16 nanoclusters to C 60 molecules in the Ta@Si 16 /C 60 system is observed in the following results. Fig. 4d and 4e show the normalized dI/dV spectra measured on slightly shorter dots with a h d of 0.67 and 0.57 nm, respectively. Comparing Fig. 4c -e, the positions of peaks P 1 and P 2 are constant regardless of the value of h d , which is consistent with the preceding consideration that the variation of h d in the range of 0.55-0.85 nm is not due to the deformation of the Ta@Si 16 nanoclusters themselves but due to their position on the C 60 film. In contrast, an additional peak P 3 with low intensity is observed near E F for the shorter dots. A possible origin of P 3 is the molecular orbital of the underlying C 60 molecule, which can be measured using STS by directly injecting tunneling electrons into the C 60 molecule within the energy gap of the Ta@Si 16 nanocluster, as schematically shown in Fig. 4h . However, its contribution to the tunneling conductance should be smaller for taller dots because of the increased tip-C 60 distance. This feature is indeed observed in the non-normalized dI/dV spectra focused on P 3 (Fig. 4g) , in which the intensity of P 3 decreases with increasing h d . Here, on C 60 molecules located sufficiently far from dots, the LUMO appears at 1.2 eV above E F (Fig. 4f ) , indicating their charge neutrality. 33, 34 In contrast, the LUMO of C 60 molecules is known to be markedly lowered and appear slightly above E F by donating electrons from chemically doped alkali-metal atoms 35 or from metallic surfaces. 30, 33 The present STS results suggest that similar charge transfer occurs in the Ta@Si 16 /C 60 system immediately after the neutralization of Ta@Si 16 cations, which is consistent with the fact that neutral Si 16 cages encapsulating a group-5 metal atom (e.g. V@Si 16 and Ta@Si 16 ) exhibit alkali-like characteristics.
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Conclusions
In summary, we have demonstrated that the successful immobilization of gas-phase-synthesized Ta@Si 16 cations onto C 60 -terminated surfaces via a donor-acceptor interaction while maintaining their cage shape and positive charge. This has enabled us to form a heterojunction exhibiting spontaneous polarization from two types of monolayers of superatomic Ta@Si 16 cations and C 60 anions. Such an ultrathin heterojunction would be useful for the charge separation layers in nanoscale devices such as capacitors and photovoltaic cells. Furthermore, the present results also suggest that the controlled immobilization of nanocluster ions exhibiting various charge states would be possible by controlling the donoracceptor interaction between the nanoclusters and the surface, which is expected to play a key role in the design of highperformance catalysts, because it is known that the charge state of supported nanoclusters is a key factor in promoting their catalytic reactivity. 36 A novel avenue for developing nanocluster-based materials science and technology is thus open to us.
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